Abstract-A low-cost, high-performance -band Gunn diode oscillator for educational and research purposes has been developed. The cavities have been manufactured on a standard WR90 rectangular waveguide with UBR100 flange in order to make it compatible with the waveguide circuitry usually available in a basic microwave laboratory. The capability of sweeping the whole band at constant output power and low phase noise, as well as the low cost of its components, make this device suitable for users at any level. As an example of its many educational applications, a multiple frequency continuous-wave (MFCW) radar has been developed, and the results of the laboratory implementation are shown.
In this paper, the authors present a new laboratory session related to the two aforementioned aspects. The session deals with the application of microwave techniques in real life, employing basic devices and equipment to measure distances with great precision. Telemetry techniques using microwaves are widely used in flight altimeters and in many industrial applications where other techniques, such as contact or even the use of optical frequencies, are inadequate [1] . The purpose of this work is to implement a measurement bench based on microwaves for educational purposes and, in our case, aimed with high precision at the measurement of distances to a stationary target. The proposed experiment is very complete since it involves various aspects related to high-frequency transmission lines, Gunn oscillators with resonant cavities of variable length, hybrid tee junctions, interferometry, reflectometry, coupling, etc.
In order to perform the experiment, one must have a microwave oscillator in band (8.2-12.4 GHz), robust and with good frequency stability, since three signals of different adjacent frequencies are required. Locating sources with these characteristics at a reasonable cost is difficult. Therefore, the authors decided to design a Gunn oscillator with variable cavity. Presented in this paper are the theoretical and experimental aspects of the experiment and the main steps in the design of the Gunn oscillator and its more important properties. 
II. MULTIFREQUENCY CONTINUOUS-WAVE (MFCW) RADAR
Because the phase of an electromagnetic wave is a function of the distance traveled by the wave, the target range should be determinable in a continuous-wave (CW) radar by measuring the relative phase difference between the transmitted and received waves. This relative phase difference is given by [2] (
The target range is given by (2) and the maximum unambiguous range is that range for which . This fact means that, for values of greater than , it is not possible to determine whether one is measuring or , where is a positive integer. For microwave frequencies in the range from 1 to 100 GHz, the maximum unambiguous range varies from 1.6 mm to 16.6 cm, which obviously is too small for most practical applications. However, can be considerably extended by transmitting two separate CW signals that are slightly different in frequency. In most cases, the target range is much greater than the target radial displacement during the observation time. In this case, if the phase difference between the two CW signals at frequencies and is measured, the target range is given by (3) which is the same as (2), with replaced by its value as a function of the frequency difference . Now, using two signals closely spaced in frequency, the target range can be considerably increased, and the maximum unambiguous range , which occurs when is given by
The maximum unambiguous range can be made very large if is sufficiently small. For example, if 50 kHz, 3 km. The maximum unambiguous range as a function of the frequency difference is shown in Fig. 1 .
The operation of the MFCW radar may be qualitatively explained by considering the two signals to have zero phase difference at the reference plane (zero distance), as shown in Fig. 2 . As both waves progress away from the transmitter, the phase difference increases because of their different frequencies [3] . This phase difference gives a measure of the travel time. When the two signals slip in phase by one cycle, the phase measurement and, hence, the distance become ambiguous.
From (4) , it can be seen that, by using large values of , it is possible to increase the accuracy of distance measurements, since large values of mean a proportionately larger change in for a given distance. However, the frequency difference must not be too large if unambiguous measurements are to be made. In fact, there is a limit to the value of , since cannot be greater than radians if the distance measurement is to remain unambiguous. The condition is that must remain smaller than , in which case the selection of represents a compromise between accuracy and ambiguity. For example, if the maximum unambiguous range is fixed to 5 m, the frequency difference will be Hz (
If is chosen to be 10 GHz, then must be equal to 9.97 GHz. If one supposes that the maximum achievable precision in phase measurement is , then the accuracy in the distance measurement will be 0.07 m (6) This accuracy can be sufficient in some applications but not in others. Accuracy in measurements can be improved by choosing a more accurate device for the phase measurement. There is another strategy, however, that improves accuracy without using more accurate and expensive devices. Both accurate and unambiguous range measurements can be made by transmitting three or more frequencies instead of just two. Three frequencies ( , and ) are properly chosen in order that the pair of frequencies gives an ambiguous but accurate measurement range, while the pair of frequencies are chosen sufficiently close to resolve the ambiguities in the measurement [2] .
Following the previous example, frequencies 10 GHz and 9.97 GHz will give a maximum range of 5 m with an accuracy of 0.07 m. To improve this accuracy, for example, 0.02 m, the maximum range would be 1.44 m
which corresponds to a frequency difference of
This information implies that must equal 9.9 GHz. As a working example, the distance to a target is measured at 4.84 m using a device with a maximum achievable precision in phase measurement of . With the pair of frequencies and , the measured phase difference would be , which corresponds to a distance of 4.79 m. To improve the precision of this measurement, the pair is used now. With these frequencies, a maximum distance of 1.44 m could be measured. Since the target is at a larger distance, it would be out of the maximum range, and the measurement would be erroneous. Actually, the measured phase difference would be , i.e., a distance of 0.51 m. Obviously, the real distance to the target would be 4.83 m. The question that arises is, In a real case, how can one know the correct value of when measuring the distance to a target? The answer is to divide the less accurate distance, measured with the pair , by the maximum range obtained with and take only the integer part of the quotient (9) Therefore, the measured distance to the target will be 4.83 m, and the error is smaller than 0.02 m. In summary, using three adequately chosen frequencies, it is possible to measure the distance to a stationary target in a simple way.
III. OSCILLATOR DEVICE
Given the usually limited resources in many universities, the main difficulty in setting up a CWMF radar is the requirement of having adequate material to work at different frequencies in the GHz range at a relatively low cost. Since a fundamental element is the radio-frequency (RF) source, the authors decided to develop a low-cost, high-performance microwave oscillator. Furthermore, since the oscillator will be used by the students in several laboratory experiments, it must be robust, stable, adequate in output power, and capable of sweeping the whole band.
A Gunn diode type MA49156 was chosen for this purpose because of its availability, good performance, and low cost [4] , [5] . Details on how a Gunn diode operates can be found in [6] . Since Gunn diodes can be easily damaged if improperly biased, a protection circuit has been designed in such a way that if the diode is reverse biased or if the bias voltage exceeds the maximum allowable value, the diode will not suffer any damage.
The bias voltage is applied to the cavity interior via a Bayonnet nut connector (BNC) directly attached to the external part, as shown in Fig. 3(a) . Inside the resonant cavity, to optimize its operation, the oscillator includes a sliding short circuit, an iris that acts as a filter, and tuning screws, which act as reactive elements, as shown in Fig. 3(a) and (b) . Also included in the figure is a threaded drum machined in plastic to move the short circuit so that the oscillating frequency can be accurately varied. A photograph of the oscillator, completely mounted and ready for use, is shown in Fig. 4, and Fig. 5 depicts the schematic diagram of the protection circuit. This circuit allows the biasing of the Gunn diode in a wide range of conditions. If the polarity and the voltage are correct, the green LED diode lights. If the biasing polarity is reversed, the red LED lights, the power diode D1N4007 does not conduct, and the output voltage is zero. The programmable linear regulator LM317 is set to the best bias voltage (in this case 14 V) for the Gunn diode by varying the value of the potentiometer POT1. If the input bias range exceeds the maximum operation voltage of the Gunn diode, the linear regulator adjusts the output voltage at 14 V (or the maximum voltage set by POT1), and the diode will not be damaged.
To assess the correct operation of the diode inside the resonant cavity, three types of measurements have been performed-output power, frequency spectrum, and phase noise of the oscillator. Previously, the matching of the cavity-diode assembly is verified by measuring the scattering parameters of the oscillator without biasing the diode. The matching found to be better than 20 dB in the whole band.
In Fig. 6(a) , a typical frequency response is shown, taken during the measurement and characterization of one of the ten devices manufactured for the RF and microwave laboratory. As can be observed in this figure, the power exceeds 1.5 mW, which is sufficient for most of the laboratory experiments. In addition, there are no in-band spurious signals, except one, 55 dB below the output power level at the oscillating frequency. Fig. 6(b) shows the mechanical tuning characteristics of the Gunn oscillator in the whole band. In Fig. 6(c) , the single sideband (SSB) phase noise of the oscillator measured at 10 GHz is shown.
IV. EXPERIMENTAL SETUP AND MEASUREMENTS
The experimental setup designed for the measurement of a static target based on MFCW radar utilizes a phase bridge or interferometer using a magic tee as the mixer element. This setup is best described in terms of various modules [3] .
Module A: Module A consists of the RF source schematically shown in Fig. 7 and includes the power supply (labeled ) already described, the Gunn oscillator tunable cavity ( ), and a cavity frequency meter ( ), followed by a ferrite isolator ( ), in order to avoid damage of the diode in the case of high reflected power.
Module B: Module B is connected following Module A and is shown in Fig. 8 . It consists of a phase bridge (interferometer) to detect the phase difference between the signal received via couplers (labeled and ). RF-SIGNAL-1 propagates through the guide in ARM-1, which includes a calibrated attenuator ( ) and a calibrated phase shifter ( ). The second signal, RF-SIGNAL-2, propagates through ARM-2, and both signals are combined in the magic-tee waveguide mixer ( ). The output signal is extracted by means of a crystal detector ( ) connected to an oscilloscope ( ) in order to detect the field nulls. Nulls will occur when the inputs to the magic tee from each branch are of the same amplitude and phase. Otherwise, the detected field values will be different from zero.
Module C: Module C is connected following Module B and consists of the antenna and target, as shown in Fig. 9 . The antenna is a pyramidal horn that transmits the signal toward the target and receives the reflected signal from it. To position the target adequately, either at a calibration distance (labeled ), or at an arbitrary position at distance ( ) from the calibration position, a calibrated scale is included in the setup.
Measurement Procedure: Now, the measurement procedure that the students must follow in the laboratory will be described. After the three working frequencies ( , and ) are adequately chosen for the correct measurement of the target distance, they must be properly adjusted by varying the size of the Gunn diode variable resonant cavity by means of the plastic drum (labeled in Fig. 7) , measuring the frequency with the frequency meter as it is shown in Fig. 7 . This procedure must be repeated for each of the three frequencies.
Once the static target is set at distance (labeled in Fig. 9 ), which will be considered as origin, the two branches of the interferometer must be balanced in order that the signals that propagate through them will have the same amplitude and phase. For such purpose, the calibrated attenuator (labeled in Fig. 8 ) and the phase shifter (labeled in Fig. 8 ) must be adjusted simultaneously until a null is observed in the oscilloscope. The phase for for , and for shall be noted. A similar procedure must be followed for the target at distance (labeled in Fig. 9 ), noting the phase values for for , and for (see Table I ). Next, the phase shifts are grouped according to the frequency pairs and , as Table II indicates. If was obtained in degrees, the distance may be calculated as follows: the first pair of frequencies indicates that the target is at (10) where is the maximum range for the pair of frequencies . For the second pair of frequencies , the distance will be (11) where is the maximum range for the pair . The final distance will be Integer (
With this simple calculation, the target distance can be easily found.
V. CONCLUSION
In this work, the authors have shown the development and implementation of a microwave bench for the experimental demonstration of distance measurement based in multiple frequency radar, a continuous wave. A stable, wideband microwave source with low phase noise and modest cost has been designed, manufactured, and planned for use in teaching laboratories. Furthermore, a protection circuit has also been designed and built in order to keep the integrity of the Gunn diode during its handling by the students. When the problem of obtaining an adequate microwave source was solved, a waveguide circuit based on a phase bridge was developed to implement an MF radar CW system and to measure target distances with good precision.
The transmitter-receiver operation is based on interferometry in such a way that a simple oscilloscope can be used to perform phase measurements with great precision. In this experiment, many basic concepts play a role, associated with the theoretical contents of regular courses in Electromagnetism and Microwave, taught in Physical Sciences and Telecommunications Engineering. This set of devices and concepts compose a very complete and attractive laboratory experiment for the students and allows them to have experience with a real application of microwaves. 
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